1. Introduction. {#sec1-cancers-12-01557}
================

Selective internal radiation therapy (SIRT) is used form many years for the treatment of nonoperable hepatocellular carcinoma (HCC) patients with locally advanced disease. ^90^Y-loaded microspheres, either glass microspheres (TheraSphere^®^, Boston Scientic Corporation, Marlborough, MA, USA) or resin microspheres (SIR-Sphere^®^, Sirtex Medical Limited Australia, Sidney, Australia), are the most common products used. SIRT is always preceded by a diagnostic liver angiography combined with intra-arterial injection, at the treatment position, of ^99m^Tc macroaggregated albumin (MAA) to perform a liver perfusion scintigraphy (MAA scan). The objectives of those tools are to perform an arterial mapping and to identify patients with contra-indication to receive SIRT (patients with high lung shunting providing an absorbed dose of more than 30 Gy to lungs or at risk of gastro-intestinal shunting).

Many promising results based on cohort studies and phase II studies have been reported \[[@B1-cancers-12-01557],[@B2-cancers-12-01557],[@B3-cancers-12-01557],[@B4-cancers-12-01557],[@B5-cancers-12-01557],[@B6-cancers-12-01557]\], with response rates (RRs) based on mRECIST or EASL criteria between 50% and 86% \[[@B1-cancers-12-01557],[@B5-cancers-12-01557]\] and the overall survival (OS) reaching more than 20 months for patients with portal vein thrombosis (PVT) \[[@B6-cancers-12-01557]\]. SIRT is recommended in several guidelines as the National Comprehensive Cancer Network (NCCN) guidelines for HCC \[[@B7-cancers-12-01557]\] and in the European Society for Medical Oncology (ESMO) guidelines \[[@B8-cancers-12-01557]\] in patients with early, intermediate-stage, or advanced stages of HCC based on the Barcelona Clinic of Liver Cancer (BCLC). However, all phase 3 trials comparing SIRT with sorafenib have been failed to demonstrate any OS improvement using SIRT in comparison with that using sorafenib \[[@B9-cancers-12-01557],[@B10-cancers-12-01557],[@B11-cancers-12-01557]\]. Several concerns, which could explain the negativity of those studies, have been raised particularly in the absence of dosimetry endpoints, despite the fact that SIRT is a radiation oncology approach, where radiobiological rules apply \[[@B12-cancers-12-01557]\]. For radio-induced deterministic effects, a threshold absorbed dose is mandatory to observe an effect, and the higher the absorbed dose is above this threshold, the more severe the effect is. This phenomenon exists, until the maximal effect is achieved (complete histological necrosis). Treatment planning is usually based either on an activity of ^90^Y in GBq to administer related to the body surface area with SIR-Sphere^®^ \[[@B13-cancers-12-01557]\] or on an absorbed dose delivered to the liver (80 to 150 Gy) with TheraSphere^®^ \[[@B14-cancers-12-01557]\]. However, in reality, SIRT planning should be based on a tumoricidal tumor dose (TD) necessary to induce a tumor response and on a normal liver dose (NLD) not to exceed to avoid liver decompensation.

For liver SIRT, two dosimetry approaches are available, i.e., a simulation dosimetry based on MAA quantification prior to a treatment, allowing for a potential dosimetry personalization, or a direct ^90^Y quantification after a treatment, assumed to be more accurate but not allowing for personalized dosimetry.

The purpose of this article is to recall the dosimetry concept and limitations, to review the available clinical data about MAA-based dosimetry, ^90^Y dosimetry, the development of personalized dosimetry, and potential impact on trial design for HCC patients.

2. Dosimetry Concept and Limitations {#sec2-cancers-12-01557}
====================================

2.1. Evaluation of the Physically Absorbed Dose {#sec2dot1-cancers-12-01557}
-----------------------------------------------

The physical definition of an absorbed dose "D" is an energy "E" deposition (Joule) in a mass "M" (kg): where D is expressed in Gray (Gy) with 1 Gy = 1 J/kg.

Several dosimetry algorithms providing the physically absorbed dose D in SIRT are described including the medical internal radiation dose (MIRD) approach, Monte Carlo simulation, and kernel point evaluation \[[@B15-cancers-12-01557]\]. The MIRD approach is actually the most widely approach used in clinical practice \[[@B15-cancers-12-01557],[@B16-cancers-12-01557]\].

2.2. The MIRD Approach {#sec2dot2-cancers-12-01557}
----------------------

The MIRD approach assumes a homogeneous distribution of the energy deposition.

The energy deposition for 1 GBq of ^90^Y in a mass of 1 kg is 50 Gy, regardless of the nature of the mass.

The absorbed dose "D" in a volume of interest (VOI) of mass "M" (in kg) and containing an activity "A" of ^90^Y (in GBq) is calculated using the following simplified MIRD equation:

Doses can be calculated for different VOIs including lungs, the liver, the tumor, the perfused liver and the normal perfused liver ([Figure 1](#cancers-12-01557-f001){ref-type="fig"}).

Regarding the liver, the unicompartment model assumes a homogeneous distribution between the tumor and the normal liver, and only the perfused liver dose is evaluated. This approach is a standard approach used in the instruction for the use of glass microspheres.

In the multicompartment approach, a TD and an NLD are also evaluated.

To evaluate an absorbed dose in clinical practice, only two parameters are required, i.e., the volume of the structure of interest (as the mass is proportional to the volume) and the activity of ^90^Y contained in this volume.

Taking into account the fact that there is no sphere redistribution after initial embolization in the microvascularization and no biodegradation, it is assumed that microsphere deposition is only in the liver (including tumors) and eventually lungs (if arterio-venous shunt is present in the tumor), and then the activity of ^90^Y with a VOI depends on the activity of ^90^Y injected to the patient (A~I~) and the fraction of ^90^Y uptake in this VOI.

^90^Y uptake can be evaluated before the treatment, during the treatment simulation, using ^99m^Tc macro-aggregated albumin (MAA) SPECT/CT as a surrogate of microsphere distribution or after the treatment, directly with ^90^Y SPECT/CT or more accurately with ^90^Y PET/CT, and doses are calculated as following.

For lungs, the mass is, by approximation, assumed to be constant (1 kg), then the dose in lungs are written as: where LSF is the lung shunt fraction and is described as the total lung uptake/(the total lung uptake + the total liver uptake).

For the liver and tumors, assuming that:

Then, the doses in the liver and tumors are expressed as: where TUR is the tumor uptake ratio and described as the total tumor uptake divided by the total perfused liver uptake.

Normal perfused liver dose (NPLD) is obtained by the subtraction (a volume activities) of the tumors to the perfused liver.

Doses can also be extrapolated to the whole liver and the whole normal liver (WNL) ([Figure 1](#cancers-12-01557-f001){ref-type="fig"}).

Doses can be calculated as a mean dose of a VOI, which is the simplest approach.

Doses can also be calculated at the voxel level. Voxel dosimetry allows for the generation of a dose volume histogram (DVH), and then a mixed parameter based on the dose and the volume can be generated. For example, the D70 is the minimum dose applied to 70% of a VOI and currently used with external beam radiotherapy \[[@B17-cancers-12-01557]\].

Tumor control probability (TCP) curves (providing the probability of control for a tumor-absorbed dose) as nontumor complication probability (NTCP) curves (probability of complication for an NPLD) can be generated.

Several kinds of dosimetry software are now available for clinical practice.

2.3. Limitations of the MIRD Approach {#sec2dot3-cancers-12-01557}
-------------------------------------

Radiobiological effects depend not only on physically absorbed doses but also on dose rates and the heterogeneity of the dose distribution. One main limitation of the MIRD approach is that the heterogeneity of the dose distribution is not taken into account. It does not take into account the difference of the heterogeneity of the dose distribution observed between both products related to a different specific activity (50 Bq by resin spheres and 2500 Bq by glass spheres at a calibration time) and then different numbers of spheres injected (factor 50) for the same injected activity of ^90^Y.

Then, despite the fact that the MIRD equation is currently used for glass and resin microspheres, for the same absorbed dose, radiobiological effects are different. This point has been demonstrated at the level of the normal parenchyma at the lobule scale by a simulation study provide by Warland et al. \[[@B18-cancers-12-01557]\], where for a whole liver irradiation the doses delivered to the liver providing 50% of toxicity were 40 Gy for resin microspheres and slightly higher than 60 Gy for glass microspheres. The clinical data also support this difference of radiobiology between both products. For example, the threshold tumor doses (TTDs) reported to be related with the response were between 100 and 120 Gy for resin microspheres \[[@B19-cancers-12-01557],[@B20-cancers-12-01557]\] and between 205 and 257 Gy for glass microspheres \[[@B15-cancers-12-01557],[@B21-cancers-12-01557],[@B22-cancers-12-01557]\].

Voxel dosimetry and dose volume histograms (DVH) evaluation takes into account, at the voxel level, the heterogeneity of the dose distribution, which can be observed in a large volume; however, the microscopic heterogeneity of the dose distribution is not taken into account.

To minimize the difference of radiobiological effects that can be seen for the same physically absorbed dose (as calculated with MIRD) between different types of irradiation and irradiated tissues, the biologically effective dose (BED) can be implemented, which is based on the correction of a physically absorbed dose with different radiobiological parameters \[[@B15-cancers-12-01557]\]. The use of BED has been described with SIRT, but the difficulty is that the corrected radiobiological parameters used are those defined in external beam radiotherapy with a different irradiation configuration and their accuracy with SIRT is a matter of debate.

2.4. Confounding Factors of Dosimetry Evaluation {#sec2dot4-cancers-12-01557}
------------------------------------------------

Many confounding factors with a direct impact on dose evaluation and correlation with outcomes have been described including the dosimetry performed (MAA-based or ^90^Y-based), the tumor size (with a risk of dose underestimation for small lesions due to partial volume effects), tumor histology and vascularization, prior therapy, concomitant/or subsequent therapy, response, or toxicity criteria used \[[@B16-cancers-12-01557],[@B23-cancers-12-01557]\].

Two important technical issues have also to be highlighted: segmentation and angiographic requirement for a simulation-based dosimetry (MAA-based) \[[@B16-cancers-12-01557],[@B23-cancers-12-01557],[@B24-cancers-12-01557]\].

### 2.4.1. Segmentation {#sec2dot4dot1-cancers-12-01557}

For the segmentation of a VOI (and therefore for the volumes evaluation), two approaches are available \[[@B16-cancers-12-01557],[@B23-cancers-12-01557]\].

The first one is diagnostic imaging using CT, MRI, or CBCT. This kind of imaging is required to be coregistered with SPECT/CT or PET to evaluate the count number in a VOI. In this situation, only the counts within anatomically delineated VOIs are taken into consideration for the dose calculation of this VOI. The advantage of this approach is the achievement of the most accurate and reproducible volume definition. However, in case of coregistration error, a significant underestimation of the absorbed dose in the VOI can be observed due to an underestimation of the counts in the VOI.

The second approach available is based on a full SPECT/CT (or PET/CT) segmentation, which is semi-automated and thresholding-based, and it has been previously validated by a phantom study, where the mean error in the volume measurement was lower than 7% with good reproducibility \[[@B24-cancers-12-01557]\]. In this situation, the segmentation provides both the volume and the counts included in this volume, and then a coregistration of the SPECT or PET with a diagnostic imaging is required. However, in some complex cases, the thresholding may be difficult to perform.

The impact of the segmentation approach used on dosimetry evaluation can be high as seen in one study evaluating ^90^Y-PET dosimetry based on CT segmentation, which failed to identify any dose--response relationship on HCC \[[@B25-cancers-12-01557]\] and in others studies using a SPECT/CT segmentation for MAA dosimetry, where a dose--response relationship has been demonstrated \[[@B15-cancers-12-01557],[@B19-cancers-12-01557],[@B20-cancers-12-01557],[@B21-cancers-12-01557],[@B22-cancers-12-01557]\].

### 2.4.2. Specific Angiographic Requirements for a Simulation-Based Dosimetry {#sec2dot4dot2-cancers-12-01557}

We have to consider the simulation-based dosimetry as a global approach including angiographic considerations, and this approach cannot be limited to an accurate quantification of the surrogate itself.

In this situation, the blood flow must be similar between the simulation angiography and the treatment itself. Several technical issues have been described: the spasm occurrence \[[@B16-cancers-12-01557],[@B23-cancers-12-01557],[@B26-cancers-12-01557]\], the proximity of arterial bifurcation \[[@B27-cancers-12-01557]\], the speed of surrogate injection \[[@B16-cancers-12-01557]\], and the catheter repositioning \[[@B25-cancers-12-01557],[@B28-cancers-12-01557]\]. Several recommendations have been drawn to control the blood blow and improve the accuracy of the simulation-based dosimetry \[[@B16-cancers-12-01557],[@B23-cancers-12-01557],[@B29-cancers-12-01557]\]:-Limiting the risk of spasm, whenever technically possible, avoiding coil embolization and favoring the use of floppy catheter;-Taking care of bifurcation proximity, more than 1 cm from the catheter tip, whenever technically possible;-Slow injection of a microsphere surrogate (over 20 to 30 s);-Injection of a surrogate and ^90^Y microspheres exactly at the same position, including the catheter tip orientation in the arterial tree.

3. MAA as a Surrogate of Microspheres {#sec3-cancers-12-01557}
=====================================

MAA scanning was initially developed for lung shunt evaluation \[[@B30-cancers-12-01557]\].

MAA particles sizes are, in 90% of cases, between 10 and 40 μm, which is in the same range as that of resin (20--60 µm) or glass (20--30 µm) microspheres. However, 1 to 2% of MAA particles are less than 15 μm, and it is recognized that MAA can lead to an overestimation of lung shunting, which has been definitely demonstrated in a study evaluating lung shunt either with MAA or with holmium microsphere \[[@B31-cancers-12-01557]\]. Several studies were focused on the evaluation of the correlation between MAA and ^90^Y uptake and dosimetry. Several studies found a poor correlation between MAA and ^90^Y uptake or quantification in tumors and normal liver tissues. They were mainly carried out in patients with metastatic disease using either resin microspheres \[[@B28-cancers-12-01557],[@B32-cancers-12-01557],[@B33-cancers-12-01557],[@B34-cancers-12-01557]\], which were biased by several technological issues as catheter repositioning \[[@B32-cancers-12-01557],[@B33-cancers-12-01557],[@B34-cancers-12-01557]\] or the absence of spasm evaluation \[[@B25-cancers-12-01557],[@B28-cancers-12-01557],[@B32-cancers-12-01557],[@B33-cancers-12-01557],[@B34-cancers-12-01557]\]. On the other hand, more and more studies have confirmed MAA as a microsphere surrogate, at least in HCC, regardless of microspheres used, even if for some individual cases discrepancies are present \[[@B27-cancers-12-01557],[@B35-cancers-12-01557],[@B36-cancers-12-01557],[@B37-cancers-12-01557],[@B38-cancers-12-01557],[@B39-cancers-12-01557],[@B40-cancers-12-01557]\].

4. MAA-Based Dosimetry, Response, Overall Survival (OS) and Hypetrophy {#sec4-cancers-12-01557}
======================================================================

Instead of comparing MAA dosimetry and ^90^Y dosimetry, several retrospective studies have evaluated MAA dosimetry and outcomes and demonstrated a clear dose/response relationship ([Table 1](#cancers-12-01557-t001){ref-type="table"}) and an impact of TD on OS ([Table 2](#cancers-12-01557-t002){ref-type="table"}).

4.1. Resin Microspheres {#sec4dot1-cancers-12-01557}
-----------------------

Three major studies are available for resin microspheres. The first one published more than 25 years ago by Lau et al. \[[@B19-cancers-12-01557]\] identified a TTD of 120 Gy with an RR of 85.7% for a TD of ≥120 Gy versus 12.5% for a TD of \<120 Gy (*p* = 0.005). Median OSs were 55.9 weeks for a TD of ≥120 Gy and 26.6 weeks for a TD of \<120 Gy (*p* = 0.005) \[[@B19-cancers-12-01557]\]. The results of the second one were presented by Herman et al. during EASL 2018 Congress \[[@B20-cancers-12-01557]\]. Over 121 evaluable patients regarding the dosimetry of a SARAH trial, a TTD of 100 Gy was identified with a disease control rate of 65.6% for a TD of ≥100 Gy or that of 34.4% for a TD of \<120 Gy (*p* = 0.0047) \[[@B20-cancers-12-01557]\]. Median OSs were 14.1 months for a TD of ≥100 Gy and 6.1 months with a relative death risk of 2.7 for a TD of \<100 Gy (*p* \< 10^−3^) \[[@B20-cancers-12-01557]\]. Finally, Kao et al. \[[@B43-cancers-12-01557]\] evaluated retrospectively ^90^Y SPECT/CT dosimetry (MIRD) on 10 patients. All patients received a TD of \>91 Gy and were responders based on RECIST criteria.

4.2. Glass Microspheres {#sec4dot2-cancers-12-01557}
-----------------------

With glass microspheres, four major studies are available. In the first study (52 patients), a TTD of 257 Gy was identified with a sensitivity of 85% and a specificity of 70% in response prediction \[[@B15-cancers-12-01557]\]. The impact of TD on OS was not provided. In the second study (36 patients), a TTD of 205 Gy was identified with a sensitivity of 100% and an accuracy of 91% for response prediction \[[@B21-cancers-12-01557]\], ([Figure 2](#cancers-12-01557-f002){ref-type="fig"} and [Figure 3](#cancers-12-01557-f003){ref-type="fig"}). The median OS was significantly improved for patients, who received a TD of ≥205 Gy (18 months; 95% CI: 11--NR), compared to those receiving a TD of \<205 Gy (9 months; 95% CI: 2--31) (*p* = 0.032) \[[@B21-cancers-12-01557]\]. This TTD of 205 Gy was subsequently confirmed in a study on 85 patients and 132 evaluable lesions \[[@B22-cancers-12-01557]\]. The RRs were 89.7% for a TD of ≥205 Gy and 9.1% for a TD of \<205 Gy (*p* \< 10^−7^) \[[@B22-cancers-12-01557]\]. The median OSs were 21 months for a TD of ≥205 Gy and 6.5 months for a TD of \<205 Gy, with a relative risk of death of 2.35 for a TD of \<205 Gy (*p* = 0.0072) in an unselected population \[[@B22-cancers-12-01557]\]. In HCC patients, the impact of TD on median OS was even higher with a relative risk of death of 6.99 for a TD of \<205 Gy (*p* = 0.0025) \[[@B22-cancers-12-01557]\]. The fourth study brings interesting results with a TTD depending on HCC differentiation, with a TTD of 152 Gy, 174Gy and 262 Gy for well, moderately and poorly differentiated lesions, respectively, with a 89.2% sensitivity and a 88% specificity \[[@B40-cancers-12-01557]\].

4.3. MAA Dosimetry and Hypertrophy {#sec4dot3-cancers-12-01557}
----------------------------------

Only one study has evaluated the potential impact of dosimetry and future remnant liver (FLR) hypertrophy, and was based on MAA evaluation \[[@B46-cancers-12-01557]\]. In this retrospective cohort of 73 HCC patients treated with glass microspheres, the mean FLR hypertrophy was 35.4 ± 40.4%. An FLR hypertrophy rate of ≥10% was significantly more frequent for patients with NPL Ds of ≥88 Gy, i.e., 92.2%, compared to 65.7% for NPLDs of \<88 Gy (*p* = 0.032) \[[@B46-cancers-12-01557]\]. An FLR hypertrophy rate of ≥10% was also significantly more frequent for patients with a TD of ≥205 Gy and a tumor volume (VT) of ≥100 cm^3^ in patients with an initial FRL rate of \<50%. Finally, an FLR hypertrophy rate of ≥10% was seen in 83.9% of the patients with either an NPL D of ≥88 Gy or a TD of ≥205 Gy for tumors larger than 100 cm^3^ (85% of the cases), and an FLR hypertrophy rate of ≥10% was only found in only 54.5% (*p* = 0.0265) of patients with none of those parameters \[[@B46-cancers-12-01557]\].

For the first time, this study suggests that it is possible to stimulate FRL hypertrophy using personalized dosimetry, increasing the dose to the NPL or to large tumors.

5. ^90^Y-Based Dosimetry, Response, and OS {#sec5-cancers-12-01557}
==========================================

A couple of studies have evaluated ^90^Y dosimetry.

5.1. Resin Microspheres {#sec5dot1-cancers-12-01557}
-----------------------

The first study based on ^90^Y SPECT/CT dosimetry (Monte Carlo dose voxel kernel and BED) was published by Strigari et al. \[[@B44-cancers-12-01557]\]. The authors evaluated the TCP in a cohort of 73 HCC patients and found a TCP of 73%, based on EASL response criteria, for a TD of 110 Gy. The tumor control was based on EASL response criteria including only complete and partial responses.

Allimant et al. \[[@B45-cancers-12-01557]\] evaluated ^90^Y PET dosimetry using the MIRD approach and the area under the dose--volume histogram as a TD parameter in 37 patients and 42 procedures \[[@B45-cancers-12-01557]\]. The area under the tumor dose volume histograms (AUDVHs) of ≥61 Gy were predictive of tumor control with a 76.5% sensitivity and a 75% specificity. Tumor control was defined as the sum of complete response, partial response and stable disease, evaluated with mRECIST criteria at six months. They also evaluated the tumor coverage as a predictor of response and found that both AUDVHs and tumor coverage were associated with tumor control using multivariate analysis.

The difference of the values of the TD parameter predicting tumor control identified in those studies (from 61 to 110 Gy) typically illustrates the difference we can observe due to different dosimetry approaches (Monte Carlo versus MIRD) and different criteria of response/control we can also use.

5.2. Glass Microspheres {#sec5dot2-cancers-12-01557}
-----------------------

Chan et al. \[[@B41-cancers-12-01557]\] evaluated the TD using ^90^Y PET and the Monte Carlo approach prospectively in 27 patients and 38 tumors. Response evaluation was based on mRECIST. A close dose/response relation was demonstrated with a median TD and a median D70 of 225.1 and 140.0 Gy, respectively, for responders and with those of 82.7 and 24 Gy, respectively, for nonresponders (*p* \< 0.01). All nonreponders had a TD of \<200 Gy.

Kappadath et al. \[[@B42-cancers-12-01557]\] evaluated retrospectively the tumor mean dose based on ^90^Y SPECT/CT and the Monte carlo approach in 34 patients. A mean TD of 160 was predictive of a 50% probability of response evaluated using mRECIST criteria, and responders complete and partial responses were considered.

No results were provided in those four studies regarding TD parameters potential impact on OS.

6. Dosimetry and Liver Toxicity {#sec6-cancers-12-01557}
===============================

The maximal liver-tolerated dose is more complex to define, as several confounding factors must be taken into account, such as toxicity definition (including grade and reversibility), treatment line, underlying liver disease and severity, and hepatic reserve \[[@B16-cancers-12-01557],[@B23-cancers-12-01557]\].

A specific syndrome was described by Sangro et al. The Radioembolisation-induced liver disease (REILD) was defined by the occurrence during the first 2 months after SIRT with a bilirubin concentration rise over 51 µmol/L and/or ascites, in the absence of tumor progression or bile duct dilatation \[[@B47-cancers-12-01557]\].

It is possible to evaluate the NPLD and the hepatic reserve (nonirradiated liver) separately and to include the hepatic reserve in the dose calculation, calculating the whole normal liver dose (WNLD) as proposed by Chiesa et al. \[[@B48-cancers-12-01557]\]. ([Figure 1](#cancers-12-01557-f001){ref-type="fig"}).

6.1. Resin Microspheres {#sec6dot1-cancers-12-01557}
-----------------------

Strigari et al. \[[@B44-cancers-12-01557]\] evaluated the NPLD (^90^Y SPECT/CT, Monte Carlo dose voxel kernel and BED) in 73 patients. The median NPLD was 36 Gy (range: 6--78 Gy), and Grades of ≥2 (G2), ≥3 (G3), and ≥4 (G4) liver toxicities were observed in 32% (23/73), 21% (15), and 11% (8) of patients, respectively. An NPLD of 52 Gy (95% CI: 44--61 Gy) was identified to predict a 50% probability of ≥G2 liver toxicity in this patient group treated by a whole liver approach (absence of the hepatic reserve).

Allimant et al. \[[@B45-cancers-12-01557]\] evaluated the AUDVH as a TD parameter in 38 patients (^90^Y PET dosimetry, MIRD approach). The AUDVH for the NPL was significantly higher for patients with liver toxicity than for those without liver toxicity (78.91 versus 53.84 Gy; *p* = 0.04). The liver toxicity was defined as radioembolisation induced liver disease (REILD) as described initially by Sangro et al. \[[@B48-cancers-12-01557]\]. Studies are summarized in [Table 3](#cancers-12-01557-t003){ref-type="table"}.

6.2. Glass Microspheres {#sec6dot2-cancers-12-01557}
-----------------------

In the initial development of glass microspheres, only unicompartment dosimetry is used, and is has been demonstrated that the tolerance of a whole liver dose up to 140 Gy is acceptable \[[@B49-cancers-12-01557],[@B50-cancers-12-01557]\].

Using the multicompartment approach, Chiesa et al. \[[@B48-cancers-12-01557]\] evaluated the WNLD, including irradiated and nonirradiated parenchyma (MAA-based dosimetry, MIRD approach) in a cohort of 52 patients. They demonstrated that a WNLD of 75 Gy can induce a 15% probability of liver decompensation, irrespective of its severity and eventual reversibility. Studies are summarized in [Table 3](#cancers-12-01557-t003){ref-type="table"}.

NPLD was also evaluated (MAA-based dosimetry, MIRD approach) in a cohort comprising 71 patients, with 94.4% of them exhibiting a Child-Pugh A score \[[@B5-cancers-12-01557]\]. The NPLD and hepatic reserve alone did not correlate with severe clinical permanent liver toxicity (Common Terminology Criteria for Adverse Events V3, G ≥ 3). Only the association of a NPLD of \>100 Gy with a hepatic reserve of \<30% correlated with severe permanent liver toxicity upon univariate analysis (*p* = 0.032) \[[@B5-cancers-12-01557]\]. However, in a more recent study (MAA-based dosimetry, MIRD approach), a significant difference of the NPLD between patients with liver-related toxicities and those without liver-related toxicities (104.7 ± 33.1 versus 79.5 ± 29.1 Gy; *p* = 0.0283) was shown \[[@B22-cancers-12-01557]\].

NPLD was evaluated with ^90^Y PET in one study (Monte Carlo approach) including 34 patients (27 with HCC and 7 with liver metastasis), \[[@B51-cancers-12-01557]\]. An NPLD threshold of 54 Gy was predictive of liver toxicity probability of more than 50%. In this study, toxicities of grade 2 were taken into account including laboratory test toxicities.

Finally, for patients with portal vein thrombosis (PVT), another parameter beyond the liver dose has a major impact on safety, i.e., the PVT targeting \[[@B5-cancers-12-01557],[@B6-cancers-12-01557],[@B22-cancers-12-01557]\]. Indeed, in two studies, the NLD evaluated either alone or associated with a low hepatic reserve was not associated with liver toxicity for PVT patients. In this situation, the only parameter strongly associated with liver toxicity was the absence of MAA PVT targeting \[[@B6-cancers-12-01557],[@B22-cancers-12-01557]\].

One limitation of the studies evaluating NLD and safety is the fact that the dosimetry evaluation was performed for the patients with several SIRT treatments only for the first SIRT treatment. In this situation, the cumulative liver dose was not evaluated.

7. Personalized Dosimetry {#sec7-cancers-12-01557}
=========================

Personalized dosimetry can be developed only using MAA-based dosimetry, which is the only evaluation available prior to ^90^Y-loaded microspheres injection. The results of four studies are available only for glass microspheres.

In one retrospective study, the main dosimetry endpoint was to provide the supposed maximal tolerated dose of the WNL, regardless of the TD \[[@B52-cancers-12-01557]\]. One-hundred and twenty HCC patients with PVT were treated using this concept with an initial limit of 40 Gy injected to the WNL for the first 18 patients and with an initial limit of 70 Gy injected to the WNL for the remaining patients. The median OS reported was 14.1 months (95% CI: 10.7--17.5) compared favorably with median OSs of 10.4 (95% CI: 7.2--16.6) and 10 months (95% CI: 7.7--10.9) reported in cohorts of PVT patients treated without personalized dosimetry \[[@B1-cancers-12-01557],[@B4-cancers-12-01557]\].

In two others retrospective studies, the dosimetry endpoints based on MAA SPECT/CT were to target at least 205 Gy to the tumor while limiting the NPLD below 120 Gy \[[@B5-cancers-12-01557],[@B6-cancers-12-01557]\]. The first one reported the results on the unselected 71 HCC patients \[[@B5-cancers-12-01557]\]. For the global cohort, the RR was 78.8%. It was significantly improved in the 51 patients treated with personalized dosimetry in comparison with the 20 patients, who received standard dosimetry (86% versus 55%; *p* = 0.001). Using a TDD of 205 Gy, the false positive rates (TD ≥ 205 Gy and no response) were 15.4% for TDs between 205 and 275 Gy, 8.1% for a TD of \>275 Gy and 0% for a TD of \>350 Gy, illustrating the radiobiological rule, i.e., the higher the dose above the TTD, the higher the damage is. No difference in clinically relevant liver toxicity of grade of ≥3 was reported in the 17 patients, who received a treatment intensification (injected lobe dose of \>150 Gy), i.e., observed at a 5.8% frequency, in comparison with a 9.2% frequency reported for the patients not intensified. The median OSs were 23.2 months for a TD of ≥205 Gy and 13 months for a TD of \<205 Gy, but the difference was not statistically significant. The second study was focused on 41 PVT patients \[[@B6-cancers-12-01557]\]. The median OS of the global cohort was 18 months. Patients were classified as good candidates to receive SIRT if the TD was ≥205 Gy and if the MAA PVT targeting was good and poor candidates to receive SIRT if either the TD was \<205 Gy or the MAA PVT targeting was poor. The median OSs were 20.2 months (95% CI: 12--25.1) for good candidates and only 3 months (95% CI: 3--3.7) for poor candidates (*p* \< 0.001). Poor candidates based on the treatment simulation (TD and MAA targeting) representing 12.2% of the population in this study were 37% of the patients received a treatment intensification (more than 150 Gy for the lobe). As interesting results, five patients (12.2%) were downstaged to surgery with a complete portal vein revascularization.

The results of a multicentre randomized phase 2 study comparing personalized dosimetry and standard dosimetry with glass microspheres in patients with a least one lesion larger than 7 cm were recently communicated \[[@B53-cancers-12-01557]\]. In this study, 60 patients were randomized to receive standard dosimetry (perfused liver dose of 120 ± 20 Gy) or personalized dosimetry (targeting more than 205 Gy to the tumor). The superiority of personalized dosimetry with an RR of 71.4% in the personalized dosimetry arm over in the standard dosimetry arm was demonstrated (median OS of 26.7 m (95% CI: 11.7--NR) for personalized dosimetry versus 10.6 m (95% CI: 6--16.8) for standard dosimetry; *p* = 0.0096).

8. Recommendations for Personalized Dosimetry {#sec8-cancers-12-01557}
=============================================

Two dosimetry recommendation papers have been published with one for resin microspheres and the other for glass microspheres \[[@B29-cancers-12-01557],[@B54-cancers-12-01557]\].

For resin microspheres \[[@B54-cancers-12-01557]\], it has been recommended to deliver 120 Gy to HCC lesion. The recommendation to reduce the injection of ^90^Y-loaded microspheres was based on underlying liver cirrhosis and NPLD. For patients based on underlying liver cirrhosis, the NPLD was less than 50 Gy. For patients without underlying liver cirrhosis, the NPLD was less than 70 Gy.

For glass microspheres, recommendations were drawn for four different clinical scenarios and were based on published clinical data with different dosimetry endpoints depending on scenarios \[[@B29-cancers-12-01557]\]. The main objective of the recommendations was to unify users behind the standardized dosimetry methodology that is simple and reproducible.

Two scenarios with curative intent are described, i.e., the radiation segmentectomy and the radiation lobectomy scenarios \[[@B29-cancers-12-01557]\]. For those two scenarios, recommendations are still based on an absorbed dose to deliver to the perfused volume (unicompartment dosimetry) with at least 190 Gy to ≤2 segments (with contemporary data supporting the use of 250--300 Gy) for radiation segmentectomy and 140--150 Gy for radiation lobectomy.

Two palliative scenarios were described, but in reality, they are very close regarding dosimetry endpoints, i.e., "multifocal unilobar/bilobar HCC without macrovascular invasion" and "HCC with macrovascular invasion" \[[@B29-cancers-12-01557]\]. In both scenarios, it is recommended to evaluate the doses for the normal parenchyma and the TD (multicompartment dosimetry). Regarding the safety, it is recommended to deliver no more than 75 Gy to the whole normal parenchyma (mean dose to the treated and untreated WNL parenchyma) for Child Pugh A patients. Regarding the efficacy, it is recommended to deliver more than 200 Gy to the tumor. For PVT patients, PVT targeting has to be evaluated by MAA scanning.

9. Impact on Study Design {#sec9-cancers-12-01557}
=========================

Actually, we obtained good clinical results observed with SIRT in retrospective studies and in a couple of phase 2 studies but with a negativity of three randomized phase 3 trials published.

Despite the patient selection that might be not accurate enough, two major methodological concerns have been raised, i.e., the inclusion of patients with contraindication to receive SIRT and the absence of dosimetry endpoints \[[@B12-cancers-12-01557]\].

In all negative phase 3 trials, randomization was performed before excluding patients with high lung shunt or digestive shunt, which is an absolute contraindication mentioned in the instruction for use of the product, meaning before performing MAA scans, despite the knowledge that lung shunt occurs in more than 20% of HCC \[[@B30-cancers-12-01557]\]. As a consequence, between 22% and 28% of the patients in the SIRT arms did not received SIRT in SARAH and SIRveNIB trials \[[@B9-cancers-12-01557],[@B10-cancers-12-01557],[@B11-cancers-12-01557]\]. To avoid this important bias, randomisation has to be performed after the identification of contraindications, as in every trial where the primary endpoint is median OS in the intent to treat population, meaning after the MAA scan. Recent clinical data based on retrospective studies and dosimetry recommendations made by international experts support the use of personalized dosimetry. The communication of the DOSISPHERE results definitely brings the level 1 evidence that personalized dosimetry has to be used. This is a second strong argument to perform the randomization after the MAA. Patients with a TD lower than the TDD are recognized for the product used, and patients with poor PVT targeting should also be excluded.

Accurate patient selection is also a challenging point in trials on HCC patients. This is especially true with SIRT, where the treatment can be really effective and responsible for liver decompensation.

For SIRT, several criteria are well recognized as good performance status (ECOG 0 or 1) and preserved liver functions (Child Pugh A), but others are less recognized as PVT targeting and tumor targeting. Therefore, MAA-based TD has to be used.

Whether to choose a tumor load of less than 70% or less than 50% is also a matter of debate, and tumor extension (unilobar or bilobar) has to be discussed regarding the safety. In DOSISPHERE-01 study exclusion of patients, where it is not possible to spare from radiation, at least 30% of the liver volume is a good point, because it is possible to increase doses without increasing liver toxicities \[[@B53-cancers-12-01557]\].

10. Conclusions {#sec10-cancers-12-01557}
===============

In recent years, many studies have evaluated the dosimetry of SIRT using either a simulation-based dosimetry (MAA-based) or a post-therapeutic-based one (^90^Y-based). With MAA-based dosimetry, the significant impacts of the TD on the response and the OS were reported with both devices. The correlation between ^90^Y-based dosimetry and response were also reported. The use of personalized dosimetry, based on MAA dosimetry, has been developed, and its major clinical impact on response and OS have been validated in a randomized multicenter phase II study with glass microspheres. Recommendations for personalized dosimetry raised by the international expert group have been provided for both devices. Personalized dosimetry has to be generalized in clinical practice and in trial design.
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A

I

activity to inject

AUDVH

area under the dose volume histogram

BED

biologically effective dose

D

absorbed dose

DVH

dose volume histogram

D70

minimum dose provided to 70% of the volume of interest

HR

hepatic reserve

LSF

lung shunt fraction (total lung uptake/(total lung uptake + total liver uptake))

MIRD

medical internal radiation dose

NPLD

normal perfused liver dose

NTCP

nontumor complication probability

PLD

perfused liver dose

SIRT

selective internal radiation therapy

TCP

tumor control probability

TD

tumor dose

TTD

tumor threshold dose

TUR

tumor uptake ratio (total tumor uptake/total perfused liver uptake)

VOI

volume of interest

WLD

whole liver dose

WNPLD

whole normal perfused liver dose

![Example of dosimetry parameters for a treatment. A = activity contained in the selected volume (ex: A~PL~ = Activity contained in the Perfused Liver); M= Mass of the selected volume; HR = Hepatic Reserve; NPL = Normal Perfused Liver; NPLD = Normal Perfused Liver Dose; PL= Perfused liver; PLD = Perfused Liver Dose; T = Tumor; TD = Tumor Dose; WL = Whole Liver; WLD = Whole Liver Dose; WNL= Whole Normal Liver; WNPLD = Whole Normal Perfused Liver Dose.](cancers-12-01557-g001){#cancers-12-01557-f001}

![Example of a patient treated with the standard dosimetry approach, with a lesion under-treated (tumor dose below the 205 Gy threshold) (**A**) Baseline CT image of bilobar HCC with a 10.7 cm lesion of the left lobe and a 5.2 cm lesion of segment V in a 70-year-old patient with good performance status (ECOG 0) and liver functions (Child Pugh A5). The patients received a treatment of the left lobe with 1.93 GBq of ^90^Y glass microspheres using the standard dosimetry approach delivering 140 Gy to the large lesion and 117 to the left lobe. On the CT image, 3 months after SIRT, stable disease was observed (**B**). Overall survival of this patient was 8.7 months.](cancers-12-01557-g002){#cancers-12-01557-f002}

![Example of a patient treated with a personalised dosimetry approach, with a lesion accurately treated (tumor dose higher than the 205 Gy threshold). (**A**) Based CT image of 15 cm unifocal right HCC with the invasion of the veina cava in a 64-year-old patient with good performance status (ECOG 0) and liver functions (Child Pugh A5). The patient received a treatment of the right lobe with 7.06 GBq of ^90^Y glass microspheres using the personalized dosimetry approach delivering 294 Gy to the large lesion and 173 Gy to the right lobe. CT image, 3 months after SIRT, partial response of the huge lesion was obtained using EASL criteria, as no recurrence on the left lobe and no extra hepatic spread (**B**). The patient was still in good performance status (ECOG 0) and liver functions (Child Pugh A5) and a right hepatectomy was performed with veina cave reconstruction. At last follow-up evaluation, 22 months after SIRT, the patient was still in complete response.](cancers-12-01557-g003){#cancers-12-01557-f003}

cancers-12-01557-t001_Table 1

###### 

Studies with tumor dose outcome correlation in hepatocellular carcinoma (HCC) with glass micropsheres.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author and Year of Publication                            Chiesa 2011 \[[@B15-cancers-12-01557]\]   Garin 2012 \[[@B21-cancers-12-01557]\]   Garin 2017 \[[@B22-cancers-12-01557]\]   Ho 2018 \[[@B40-cancers-12-01557]\]   Chan 2018 \[[@B41-cancers-12-01557]\]   Kappadath 2018 \[[@B42-cancers-12-01557]\]
  --------------------------------------------------------- ----------------------------------------- ---------------------------------------- ---------------------------------------- ------------------------------------- --------------------------------------- --------------------------------------------
  Nb of patients/lesions                                    48/65                                     36/58                                    85/132                                   62/na                                 27/38                                   34/53

  Lesion size (cm)                                          5.6                                       7.1                                      7.1                                      na                                    7.3                                     4.1

  Macroaggregated albumin (MAA)- or ^90^Y-based dosimetry   MAA-based                                 MAA-based                                MAA-based                                MAA-based                             ^90^Y PET                               ^90^Y SPECT/CT

  Response evaluation                                       EASL                                      EASL                                     EASL                                     ^18^FDG or ^11^C-acetate PET          mRECIST                                 mRECIST

  Tumor dose (TD) parameter (Gy)/threshold TD (TTD)         mean TD\                                  mean TD\                                 mean TD\                                 mean TD\                              mean TD\                                mean TD\
                                                            257 Gy                                    205 Gy                                   205 Gy                                   152/174/262 Gy                        200 Gy                                  160 Gy

  RR for TD ≥ TTD vs. \< TTD                                85% vs. na                                na                                       91% vs. 5.5%\                            na                                    84% vs. na                              50% TCP
                                                                                                                                               *p* \< 10^−3^                                                                                                          

  Prediction of response for TTD                            se = 85%\                                 se = 100%\                               se = 98.3%\                              se = 89.2%\                           se = 66%\                               na
                                                            spe = 70%                                 acc = 91%                                acc = 88.7%                              spe = 88%                             PPV = 100%                              

  OS for TD ≥ vs. \< TTD                                    na                                        18m vs. 9m\                              21m vs. 6.5m\                            na                                    na                                      na
                                                                                                      *p* = 0.032                              *p* = 0.0052                                                                                                           
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Nb = number; na = not available; TTD = threshold tumor dose; w = week, m = months; se = sensitivity; spe = specificity; PPV = negative predictive value; acc = accuracy; TCP = tumor control probability; HCC = hepatocellular carcinoma; RR = response rate.

cancers-12-01557-t002_Table 2

###### 

Studies with tumor dose outcome correlation in HCC with resin micropsheres.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author and Year of Publication.        Lau 1994 \[[@B19-cancers-12-01557]\]   Hermann 2018 \[[@B20-cancers-12-01557]\]   Kao 2012 \[[@B43-cancers-12-01557]\]   Strigari 2010 \[[@B44-cancers-12-01557]\]   Allimant 2018 \[[@B45-cancers-12-01557]\]
  -------------------------------------- -------------------------------------- ------------------------------------------ -------------------------------------- ------------------------------------------- -------------------------------------------
  Nb patients/lesions                    18/na                                  121/na                                     10/na                                  73/na                                       37/na

  Lesion size (cm)                       na                                     na                                         na                                     2.9                                         5

  MAA or ^90^Y\                          MAA based                              MAA based                                  ^90^Y SPECT/CT                         ^90^Y SPECT/CT                              ^90^Y PET
  Based dosimetry                                                                                                                                                                                             

  Response evaluation                    WHO                                    RECIST1.1                                  RECIST1.1                              EASL                                        mRECIST

  TD parameter (Gy)/threshold TD (TTD)   Mean TD\                               Mean TD\                                   Mean TD\                               BED\                                        AUDVH~T~\
                                         120 Gy                                 100 Gy                                     \< 91 Gy                               110 Gy                                      61 Gy

  RRs for TD ≥ TTD vs. TD \< TTD         87.5% vs. 12%                          na                                         100% vs. na                            TCP of 73%                                  TCP of 76.5%

  Prediction of response for TTD         na                                     na                                         na                                     na                                          se = 76.5%\
                                                                                                                                                                                                              spe= 75%

  OS for TD ≥ TTD vs. TD \< TTD          55 w vs. 26.6 w\                       14.1 m vs. 6.1 m\                          na                                     na                                          na
                                         *p* = 0.005                            *p* = 0.0001                                                                                                                  
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Nb = number, na = non available, TTD = threshold tumor dose, w = week, m = months, se = sensitivity; spe = specificity, acc = accuracy, BED = biological effective dose, TCP = tumor control probability, AUDVH~T~ = area under the tumor dose volume histogram; RR = response rate; OS = Overall Survival.

cancers-12-01557-t003_Table 3

###### 

Studies with NLD correlation with liver toxicity in HCC patients using resin and glass microspheres.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author and Year of Publication                              Strigari 2010 \[[@B44-cancers-12-01557]\]   Allimant 2018 \[[@B45-cancers-12-01557]\]   Garin 2013 \[[@B5-cancers-12-01557]\]      Chiesa 2015 \[[@B48-cancers-12-01557]\]   Garin 2017 \[[@B22-cancers-12-01557]\]     Chan 2018 \[[@B51-cancers-12-01557]\]
  ----------------------------------------------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------ ----------------------------------------- ------------------------------------------ ---------------------------------------
  Nb of patients                                              73                                          37                                          71                                         52                                        85                                         35 (27 HCC,\
                                                                                                                                                                                                                                                                                      7 metastasis)

  Product                                                     resin                                       resin                                       glass                                      glass                                     glass                                      glass

  MAA- or ^90^Y-Based dosimetry                               ^90^Y SPECT/CT                              ^90^Y PET                                   MAA based                                  MAA based                                 MAA based                                  ^90^Y PET

  Toxicity evaluation                                         G ≥ 2                                       REILD                                       Clinically relevant, G ≥ 3 and permanent   Any liver decompensation                  Clinically relevant, G ≥ 3 and permanent   G ≥ 2

  NLD parameter/normal liver threshold dose (NLTD)            NPL BED\                                    AUDVH~NPL~ na                               NPLD\                                      WNLD\                                     NPLD\                                      NPLD\
                                                              52 Gy                                                                                   100 Gy + HR of \<30%\                      75 Gy                                     na                                         54 Gy
                                                                                                                                                      *p* = 0.032                                                                                                                     

  NTCP for an NLD larger than an NLTD                         50%                                         na                                          na                                         15%                                       na                                         50%

  NLD parameters for patients with toxicity and no toxicity   na                                          78.9 Gy vs 53.8 Gy\                         na                                         na                                        104.7 Gy vs 79.5 Gy\                       na
                                                                                                          *p* = 0.04                                                                                                                       *p* = 0.028                                
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Nb = number, na = not available, NLD = normal liver dose, NTCP = nontumor complication probability, BED = biologically effective dose, AUDVH~NPL~ = area under the normal perfused liver dose volume histogram, NPL = normal perfused liver, NPLD = normal perfused liver dose, HR = hepatic reserve, WNLD = whole normal liver dose.
